We observe an unusual behavior of the low-temperature magnetoresistance of the high-mobility two-dimensional electron gas in InGaAs/InAlAs quantum wells in weak perpendicular magnetic fields. The observed magnetoresistance is qualitatively similar to that expected for the weak localization and anti-localization but its quantity exceeds significantly the scale of the quantum corrections. The calculations show that the obtained data can be explained by the classical effects in electron motion along the open orbits in a quasiperiodic potential relief manifested by the presence of ridges on the quantum well surface.
Much interest has been attracted recently by the properties of the two-dimensional (2D) electron gas in InGaAs/InAlAs quantum wells, like the strong spin-orbit Rashba interaction, large Lande g-factor, and small effective mass. The strong anisotropy of the mobility in (100) quantum wells with In content ≥ 0.75 was observed in a number of publications [1] [2] [3] [4] [5] [6] . In the work of Ref. [7] , it was shown that the anisotropy originates largely from the modulation of In content that leads to the modulation of conduction band bottom. A relief on the sample surface was observed, reflecting the modulation of In content. The authors of Ref. [7] also suggested a way to simultaneously increase the electron mobility and reduce the mobility anisotropy by introducing an InAs layer into the center of the quantum well. As long as the fluctuations of In content are impossible in the binary composition, the degree of disorder in the quantum well should decrease. Indeed, the mobility anisotropy was found to decrease as a result of improving the growth structure. However, it remained unclear whether the residual anisotropy in the transport properties of InGaAs/InAlAs quantum wells is the only manifestation of the built-in growth anisotropy.
In this paper, we study the low-temperature magnetotransport properties of the 2D electron gas in InGaAs/InAlAs quantum wells with an InAs layer in weak perpendicular magnetic fields. The observed magnetoresistance is unusual in that it is qualitatively similar to that expected for the weak localization and antilocalization but its quantity exceeds significantly the scale of the quantum corrections. The calculations show that the obtained data can be explained by the classical effects in electron motion along the open orbits in a quasiperiodic potential relief manifested by the presence of ridges on the quantum well surface. The results indicate that the likely origin for the potential relief is the residual modulation of In content in the quantum well.
Measurements were performed in a dilution refrigerator in a range of temperatures between 0.03 and 1. The surface of the wafer was studied using an atomicforce microscope. A typical scan of an area 10×10 µm 2 is displayed in Fig. 2 In Fig. 3 , we show the inverse longitudinal resistance 1/ρ xx as a function of magnetic field for the Hall bar along the [011] direction at different electron densities and temperatures. In the range of weak magnetic fields, over the unshaded area, the behavior is similar to that expected for the transition between the weak localization and anti-localization with a distinction that the amplitude of the effects is two orders of magnitude larger than the scale of the quantum corrections and the "antilocalization" peak amplitude is temperature independent in the range of temperatures studied. Moreover, as the electron density is decreased, there appears a behavior that can be interpreted as the suppression of the weak localization ( Fig. 3(c) ).
In Fig. 4 , we show the inverse magnetoresistance for two Hall bars with different orientations at the same electron density and temperature. For the [01-1] orientation in Fig. 4(b) , the B = 0 peak is much less pronounced and the adjacent minima, marked by arrows, correspond to smaller values of the magnetic field as compared to the other orientation in Fig. 4(a) . The ratio of the minimum magnetic fields is approximately equal to 3, which corresponds to the ratio of the periods of the ridges in two perpendicular directions, indicating the classical origin of the inverse magnetoresistance maximum in zero magnetic field. Note that the mean free path of electrons is l ≈ 5.5 µm at density 5 × 10 11 cm −2 in this electron system and the cyclotron radius is R c ≈ 3.9 µm at field 0.03 T.
The half-width B c and amplitude δ of the inverse magnetoresistance peak versus electron density are shown in Fig. 5 for the Hall bar along the [011] direction. With decreasing electron density the peak broadens and its amplitude decays drastically.
The experimental behavior of the magnetoresistance can be explained in the spirit of Refs. [8, 9] where a periodic potential relief was introduced into the sample and a qualitatively similar magnetoresistance was observed in weak magnetic fields. Let us consider a model potential relief eV 0 cos(2πx/a), where the relative modulation ε = eV 0 /2E F ≪ 1, E F is the Fermi energy, and a is the modulation period along the x-axis. As was shown in Ref. [8] for electrons moving mainly along the y-axis obey the condition
At a point x between the minimum and maximum turning points x 1min ≤ x ≤ x 0max , there are two regions on the Fermi semicircle: within some angle β(x) near the yaxis, the open electron orbits are realized in a magnetic field, whereas at higher angles the closed electron orbits are the case. The angle β(x) is determined by the orbit with turning points x 1min and x 0max
The maximum value of β attained in the limit of zero magnetic field is equal to β max ≃ 4ε 1/2 . With increasing magnetic field the angle β decreases until the open orbits disappear at some magnetic field. As one approaches the turning points, β decreases and zeroes at x 1min and x 0max .
It is easy to demonstrate the role of the open electron orbits to form the magnetoresistance. In an electric field E y , the current from the open orbits in a strip with width a is equal to
where σ 0 is the conductivity in the absence of modulation and magnetic field. This leads on average to an increase in the conductivity σ yy by (∆σ yy ) 1 = 2σ 0 γ. At the same time, the electrons in the open orbits do not contribute to the conductivity due to the closed orbits, leading to a negative correction (∆σ yy ) 2 = −2σ 0 γ(1+ω 2 c τ 2 ) −1 , where ω c is the cyclotron frequency and τ is the relaxation time. The entire component σ yy of the conductivity tensor is written
Provided γ ≪ 1, the component σ xx is not changed by the periodic potential relief and is equal to
The above relations allow the analytic calculations of the magnetoresistance modified by open orbits.
We have also performed the numerical calculations of the magnetoresistance for the same model potential relief, using the relation based on the Kubo formula [10, 11] :
where m * is the effective electron mass (for our case m * = 0.035m e , here m e is the free electron mass), v i and v j are the electron velocity components, and the angle brackets denote averaging over all orbits passing through the point x and over all points within the strip width a.
The calculated magnetic field dependence of 1/ρ xx is qualitatively similar to that shown in the unshaded area in Fig. 3(a, b) . The detailed comparison of calculation and experiment is represented in Fig. 5 . The calculated half-width of the inverse magnetoresistance peak as a function of electron density is in satisfactory agreement with the experiment assuming that the amplitude V 0 is independent of electron density and the period a is equal to a = 0.5 µm (Fig. 5(a) ). The weak dependence of V 0 on electron density indicates that the main reason for the potential relief is the residual modulation of In content in the quantum well rather than the ridges on the quantum well surface in Fig. 2 . The amplitude of the inverse magnetoresistance peak versus electron density, calculated for the same values V 0 and the experimental relaxation time, is in qualitative agreement with the experiment (Fig. 5(b) ). The quantitative discrepancy is a consequence of the too idealized model, which is similar to Ref. [12] . Indeed, the real potential relief is unlikely to be close to a harmonic one.
The behavior of the magnetoresistance at fields above B c is more complicated. As seen from Fig. 3(a, b) , with increasing B the value 1/ρ xx passes a minimum and increases in some region of magnetic fields. The initial interval of the increase may be caused by the disappearance of the open orbits. However, the pronounced temperature dependence of 1/ρ xx is observed in this region of magnetic fields, which cannot be explained by classical effects. Moreover, in the shaded area in Fig. 3(a,  b) , the derivative dρ xx /dB changes its sign again, the temperature dependence of the magnetoresistance being still present. Note that the quantum oscillations arise in a magnetic field ≈ 0.7 T in our samples so that the shaded area corresponds to the intermediate regime in which the quantum effects can already be significant despite the strong overlap of quantum levels.
In summary, we have observed the magnetoresistance of the 2D electron gas in InGaAs/InAlAs quantum wells which is qualitatively similar to that expected for the weak localization and anti-localization but its quantity exceeds significantly the scale of the quantum corrections. The calculations show that the obtained data can be explained by the classical effects in electron motion along the open orbits in a quasiperiodic potential relief manifested by the presence of ridges on the quantum well surface. The results indicate that the likely origin for the potential relief is the residual modulation of In content in the quantum well.
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